Streptococcus pneumoniae is the major cause of community-acquired pneumonia and one of the most common causes of death due to infectious diseases in industrialized countries. Little is known concerning the mechanisms of target cell activation in this disease. The present study shows that NF-κB and p38 MAP kinase-signaling pathways contribute to chemokine synthesis by 
Pneumococci induce IL-8 promotor activation via p38 MAPK.
INTRODUCTION
Pneumonia is the most common infectious diseases leading to death in industrialized countries (1) . Over 40% of cases are due to infections with Streptococcus pneumoniae , and high mortality have been reported (2) . Simultaneously, antibiotic-resistant strains have emerged (3) . Considering the medical relevance of these perilous bacteria, an increase in the knowledge and insights into the pathophysiological mechanisms of pneumococci-host-interaction appears expedient.
Although some pathogenic factors have been identified (4) and new strategies for pneumococcal vaccination (5) are under investigation little is known about the ac tivation of signaling cascades in target cells.
In pneumococcal pneumonia massive leukocyte recruitment to the lung is observed (6) .
Liberation of pro-inflammatory and chemotactic cytokines by lung epithelium and cells of innate immune response such as the alveolar macrophages contributed significantly to leukocyte invasion (7) . IL-8/CXCL8 is an important chemotactic cytokine and a key mediator in neutrophilmediated inflammation in the lung (8) . In addition, GM-CSF 1 is produced in inflammation by tissue cells, including lung epithelium (9) . GM-CSF participates in the inflammatory response by direct activation of leukocytes at the local site of infection as well as by activa tion of immature precursor cells (9) . Both cytokines are subjected to a tight regulatory network involving the transcription-factors activator protein-1 (AP -1) and NF-κB (10) . Under certain conditions, these transcription factors may be activated by a complex kinase pathway centered around p38 MAP kinase (11) . Recently, four isoforms of p38 MAP kinase ( α, β, γ, δ) with either activating or inhibiting activity on gene transcription have been characterized (12) . However, their distinct role in infectious disease pathogenesis remains to be clarified.
Increasing evidence pointed to a critical role of transcription factor-modification for regulation of gene transcription. p38 MAP kinase-stimulated pathways may phosphorylate p65/RelA thereby with R6xply -for 6 h, because pneumolysin is cytotoxic for Hek293 cells. Cells were lysed and luciferase activity was measured by using a luciferase-reporter-gene assay (Promega, Mannheim, Germany), and results were normalized for transfection efficiency with values obtained by RSV-β-galactosidase (Roche, Mannheim, Germany). For RNAi experiments, cells were transfected with p38α-specific Smartpool ® or nonsense siRNA (both from Upstate Biotechnology, Lake Placid, NY) using RNAiFect ® (Qiagen, Hilden, Germany) following the manufacturer's instructions for 96 hours and then processed as described above.
IL-8 and GM-CSF ELISA -Confluent BEAS-2B cells were stimulated for 15 h as indicated in a humidified atmosphere. After incubation supernatants were collected and processed for IL-8-or GM-CSF-quantification by sandwich-ELISA as described previously (23) .
Western Blot -For determination of p38α expression or p38 MAP kinase phosphorylation in BEAS-2B cells, cells were stimulated as indicated, washed twice, and harvested. For analysis of p38 phosphorylation pneumococci-infected mice lungs were snap-frozen in fluid nitrogen and pulverized. BEAS-2B cells or lung homogenates were lysed in buffer containing Triton X -100, subjected to SDS-PAGE and blotted on Hybond-ECL membrane (Amersham Biosciences, Freiburg, Germany). Immunodetection of p38α or phosphorylated p38 MAP kinase was carried out with p38α−specific antibody (Upstate Biotechnology, Lake Placid, NY) or phospho-specific p38-MAP kinase antibody (Cell Signaling, Frankfurt, Germany) respectively (23) . Degradation of IκBα was analyzed in BEAS-2B cell lysates or lung homogenates using a rabbit polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) as described previously (24) . In all experiments, ERK2 kinase (Sa nta Cruz Biotechnologies, Santa Cruz, CA) was detected simultaneously to confirm equal protein load. Proteins were visualized by incubation with secondary IRDye 800-or Cy5.5-labeled antibodies, respectively (Odyssey infrared imaging system, LI-COR Inc.) (24;25) .
RT-PCR -For analysis of IL-8, GM-CSF and GAPDH gene expression in BEAS-2B cells total
RNA was isolated with RNEasy Mini kit (Quiagen, Hilden, Germany) and reverse transcribed using AMV reverse transcriptase (Promega, Heidelberg, Germany). Generated cDNA was amplified by PCR using specific intron-spanning specific primers for IL-8, GM-CSF and GAPDH. In isolated mice lungs, KC, GM-CSF and GAPDH were analyzed after isolation of total cellular RNA. Frozen lung tissue was crushed using a sterile, nitrogen cooled plate homogenizer.
Total RNA was extracted using RNEasy Mini Isolation Kit. All primers were purchased from TIB MOLBIOL, Berlin, Germany. After 35 amplification cycles, PCR products were analyzed on Equal amounts of input DNA was controlled by gel electrophoresis.
The following promoter-specific pr imers for IL-8 were used: sense 5' -AAG AAA ACT TTC GTC ATA CTC CG-3'; antisense 5'-TGG CTT TTT ATA TCA TCA CCC TAC-3'.
Mouse pneumonia model -Pathogen-free, female C57BL/6 mice were obtained from Charles River (Sulzfeld, Germany). Animals were kept with a 12-h light/dark cycle and were given free access to food and water. The study was approved by the Institutional Review Board for the care of animal subjects. Mice were challenged at 10 weeks of age and 19-20 grams of weight.
Pneumonia was induced by use of encapsulated S. pneumoniae type 3 (NCTC 7978). Bacteria Statistical methods -A one -way ANOVA was used for data of Fig. 1B, 1D , 3A, 3C, 3D, 5, 6A, 6B, and 7A, and data are shown as means ± SEM for one representative experiment out of three. (16)) and GM-CSF expression. Pneumococci infection of BEAS-2B cells dose-dependently induced the release of IL-8 ( Fig. 1B) and GM-CSF (Fig. 1D ) by these cells.
RESULTS

Pneumococci induced expression of pro-inflammatory cytokines KC/IL-8 and GM-CSF
Onset of IL-8 mRNA expression was noted as early as 2 hours post-infection (Fig. 1C) .
Pneumococcal infection was at least as effective as cell stimulation of BEAS-2B cells by TNFα/IL-1β.
Inhibition of p38 MAP kinase blocked pneumococci-induced expression of IL-8 and GM-CSF in human bronchial epithelial cells.
Activation of p38 MAP kinase is considered to participate in the regulation of pro-inflammatory cytokine expression. We noted phosphorylation of p38 MAP kinase in mice lungs 6 to 48 hours post infection with pneumococci indicating kinase activation (Fig 2A) . Moreover, exposure of BEAS-2B cells to 10 6 cfu/ml of S. p. for 2 hours strongly induced p38 MAP kinase phosphorylation in vitro (Fig. 2B) . Phosphorylation of p38 MAP kinase by pneumococcal infection of epithelial cells was detected after 1 h of cell infection and increased up to 3 h (Fig.   2C ).
To test the role of p38 MAP kinase activation for IL-8 and GM-CSF expression we made use of specific chemical inhibitors SB202190 and SB203580 and its non functional homolog SB202474.
Inhibition of p38 MAP kinase in BEAS-2B cells by pre-incubation of cells with SB202190 or SB202580 20 min before pneumococcal infection dose-dependently blocked release of IL-8 ( Fig.   3A) , and significantly decreased liberation of GM-CSF, whereas the non functional homolog SB202474 or solvent alone had no effect (Fig. 3A, C) . All three compounds or their solvents had no effect on spontaneous or PMA -stimulated IL-8 release in BEAS-2B cells (Fig. 3D) . Moreover, inhibition of p38 MAP kinase reduced expression of IL-8 mRNA by BEAS-2B cells after 3 hours of incubation with 10 7 cfu/ml S. p. (Fig. 3B) . Therefore, pneumococci-dependent p38 MAP kinase activation seems to be critical for IL-8 and GM-CSF expression.
Pneumococci-induced expression of IL-8 and GM-CSF was NF-κB-dependent.
Expression of IL-8 and GM-CSF in epithelial cells is considered to be regulated by NF-κB, which is released of its cytosolic sequestration due to phosphorylation of its inhibitor IκBα by IKK β and subsequent proteolytic degradation (27) . In S. p.-infected lungs, degradation of IκBα was noted after 12 h of infection, and IκBα protein levels recovered back to control levels h post infection suggesting NF-κB act ivation in vivo (Fig. 4A ).
To assess I κBα degradation in vitro, BEAS-2B cells were infected with S. p. with different infection doses and for several time periods. As shown in Fig. 4B , 10 8 cfu/ml pneumococci induced degradation of IκBα within 1 h similar to 15 min of co-stimulation with 50 ng/ml TNFα and 10 ng/ml IL-1β. Furthermore, 2 hours after infection of BEAS-2B cells with 10 7 cfu/ml pneumococci IκBα was degraded to a great extent (Fig. 4C) .
We verified pneumococci -induced NF-κB activation by reporter-gene assay. BEAS-2B cells could not be transfected with satisfactory efficiency. Therefore, we transiently transfected 
Pneumococci activated NF-κB-dependent gene expression via p38 MAP kinase.
Our data suggest that activation of both p38 MAP kinase and NF-κB-dependent signaling contributed to pneumococci-related expression of IL-8 and GM-CSF. We hypothesize that p38 MAP kinase activity is necessary for NF-κB-dependent gene transcription in pneumococciinfected cells. P38 MAP kinase inhibitor SB202190 (10 µM) blocked pneumococci-induced reporter gene expression in HEK293 cells co-transfected with hTLR2 and a NF-κB-dependent luciferase reporter plasmid (Fig. 7A ). T he alternative p38 MAP kinase inhibitor SB203580 reduced reporter gene expression similarly, whereas the inactive compound SB202474 had no effect (data not shown).
Because several isoforms of p38 MAP kinase have been described which may induce different activation patterns of transcription factors, we suppressed expression of endogenous p38 MAP kinase by siRNA targeting p38α − the major p38 isoform in mammalian cells (Fig. 7B ). We found a significant reduction of pneumococci-induced NF-κB-dependent expression of luciferase in p38α−deficient cells (Fig. 7A) . Collectively, these experiments suggest that pneumococci activate NF-κB-dependent gene transcription in a p38 MAP kinase-dependent manner. Neither the transfection vectors nor SB202190 alone displayed a significant effect on NF-κB activity in non-stimulated cells (data not shown). Moreover, control siRNA did not affect p38 MAP kinase expression (Fig. 7B) or NF-κB-dependent gene transcription (Fig. 7A) .
Inhibition of p38 MAP kinase blocked IL-8 gene trans cription but not NF-κB translocation or promoter binding.
Further experiments were performed to analyze the mechanism by which p38 MAP kinase contributes to pneumococci-mediated NF-κB activation and IL-8 transcription. Pneumococciinduced degradation of IκBα was not affected by kinase inhibition as shown by Western blot (Fig. 8A) . Next, translocation of NF -κB to the nucleus and DNA binding was measured by EMSA and a commercial p65/RelA-specific DNA binding assay. Pneumococci increased translocation and DNA binding of p65/RelA-containing NF-κB dimers. This was not affected by inhibition of p38 MAP kinase ( Fig. 8B and 8C ). by SB202190 (Fig. 8D) . Thus, by three independent methods we exclude any inhibitory effect of p38 MAP kinase on nuclear translocation and DNA binding of p65 NF-κB in pneumococciexposed cells. Considering reduction of pneumococci-induced IL-8 mRNA and protein levels after inhibition of p38 MAP kinase we performed ChIP against RNA polymerase II (Pol II), the rate-limiting enzyme in de novo mRNA synthesis. We found a strong increase in RelA, which is phosphorylated on serine 536 and recruitment of RNA polymerase to the IL-8 promotor and both were -in sharp contrast to p65 NF-κB -completely blocked by p38 MAP kinase inhibition ( Fig.   8E and F). SB202474 had no effect on pneumococci-induced promotor binding (data not shown).
In conjunction with the data shown in Fig.7 these experiments suggest that p38 MAP kinase contributes to pneumococci-induced NF-κB-dependent IL -8 expression by affecting the nuclear function of NF-κB at the IL-8 promoter.
DISCUSSION
In the present report we provide evidence that pneumococci-induced IL-8 release by human bronchial epithelial cells requires activation of the canonical NF-κB pathway for transcription factor translocation and of the p38 MAP kinase pathway for NF-κB phosphorylation and assembly of the transcription machinery.
S. pneumoniae is the major pathogen of community-acquired pneumonia (2). Lung inflammation in pneumonic patients (4;7) and in a murine model of pneumococcal pneumonia were characterized by massive leukocyte influx. In accordance, mRNA expression of chemotactic cytokines KC -an murine IL-8 homologue -and GM-CSF were increased in infected mouse lungs. Since whole lung tissue was analyzed it is likely that different lung cell types such as bronchial epithelial cells, pneumocytes and macrophages contributed differentially to the overall signal obtained.
We analyzed lung epithelial cells as one potential source of cytokines (8) which initiate leukocyte recruitment to the lung. Lung epithelium establishes the first barrier against pathogens, including pneumococci, which enter the lung via the airways. We found that human bronchial epithelial cells secreted IL-8 and GM-CSF when exposed to S. pneumoniae.
Transcription factor NF-κB as well as MAP kinases have been implicated in IL-8 trancription Addressing MAP kinase activation, we could show that p38 MAP kinase was phosphorylated in pneumococci-infected mouse lungs and human bronchial epithelial cells. Two well-characterized chemical inhibitors of p38 blocked IL-8 transcription and cytokine release, whereas an inactive control compound did not. Four different isoforms of p38 MAP kinase have been described (31) .
Chemical inhibitors of p38 α and β, and siRNA targeting p38 α blocked NF-κB-dependent reporter-gene expression in TLR2 over-expressing HEK293 cells. In another study, p38α and β 2 were found to activate AP1-dependent gene expression, while γ and δ had inhibitory effects on gene expression (12) .
Inhibition of p38 MAP kinase blocked neither degradation of IκBα nor NF-κB binding to consensus oligos nor to the native IL-8 promotor in pneumococci-infected human bronchial epithelial cells. p38 inhibition, however, reduced the level of NF-κB/RelA phosphorylation on serine 536 when bound to the IL-8 promotor of these cells and blocked RNA polymerase II recruitment -which is a measure of overall promoter activity. In other studies, serine 536 of RelA was phosphorylated in a p38 MAP kinase-dependent way after IL-1β (32) or thrombin (15) stimulation. Several kinases have been described to phosphorylate this site directly (33-35).
Presently, it remains unclear whether p38 MAPK directly or more indirectly phosphorylated this site on NF-κB/RelA in pneumococci infection. Overall, the data presented implicate that p38
MAP kinase is crucial for pneumococci-induced NF-κB/RelA activity at the IL-8 promotor rather than for nuclear translocation or DNA binding (Fig. 9 ).
In conclusion, we suggest a dichotomic signal cascade for pneumococci-induced Pol II
